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ABSTRACT
THE EFFECT OF THE CHEMICAL COMPOSITION OF LOW SALINITY WATER
ON THE GROWTH, DEVELOPMENT AND SURVIVAL OF
CULTURED JUVENILE BLUE CRABS
by Dyan Patricia Gibson
May 2011
Cultured juvenile blue crabs ( Callinectes sapidus Rathbun) were held for up to 77
days and monitored for survival, growth and development in low salinity water
containing various compositions of ions.

~rabs

were isolated in separate containers and

placed in thirty gallon aquaria containing 2ppt of ion solution. Temperature, ambient,
humidity, and nitrite levels were monitored daily. Molts were measured to determine
growth, and molt increments were recorded to determine rate of development. The first
part of the study compared ratios of sodium chloride (NaCl) to commercial sea salt (SS)
in five treatments: 100% NaCl, 100% SS, 25 :75 NaCl/SS, 50:50 NaCl/SS, and 75:25
NaCl/SS. The second par! of the study examined mixed ion treatments in water
containing solutions ofNaC l; NaCl and calcium chloride (CaCl 2); NaCl, CaCh, and
magnesium chloride(MgCh); NaCl, MgCh, CaCh, and potassium Chloride 9KCl); and
SS. Another set oftreatments examined the addition of magnesium sulfate (MgS04 ) to
the mixed ion solutions. The results of these experiments indicate that acceptable yields
of cultured blue crabs (>50% survival) can be achieved in solutions of up to 50% NaCl
mixed with commercial sea salt. Mixed ion solutions containing NaCl, MgCh, CaCh,
and KCl , with or without the presence of MgS04 , initially facilitated survival, growth and
development, but delayed growth and development followed by unacceptably high
11

mortality occurred within 12-42 days. A limiting ion or ions has yet to be identified for
acceptable survival of juvenile blue crabs in a mixed ion solution.
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CHAPTER I
INTRODUCTION
Blue crabs (Callinectes sapidus) are the most valuable fishery in North Carolina,
Maryland, Virginia, and Mississippi, contributing an overall total value of$198 million
(Eggleston et al. 2004). The decline of wild C. sapidus numbers along the east coast
resulting from fishing pressure and habitat destruction has brought about the need to
enhance the wild population and to sustain the ever-increasing market through fishing
regulation, habitat preservation and restoration, and stock enhancement through
aquaculture (Eggleston et al. 2004).
Properly managed aquaculture is, in particular, a promising avenue because of the
potential for increasing yield to meet demand without manipulating or damaging wild
stocks. Worldwide production from aquaculture has increased by 8.8% every year since
1985, while capture fisheries have remained nearly constant for the past 20 years (Amer.
Inst. Biol. Sci. 2009). Currently, the U.S. only provides 2% ofthe global aquaculture fish
supply (Meserve 2005). An increase in domestic aquaculture production would improve
the economy by reducing foreign imports and stimulating the stagnant or declining
capture fisheries job market (Meserve 2005). Blue crab aquaculture, specifically, could
supply profitable "niche" markets, such as under-sized "cocktail" crabs for restaurant
appetizers or soft shell crabs, which are currently limited by supply from wild stocks
(Guillory et al2001).
Callinectes sapidus aquaculture in low salinity ponds has met with moderate
success (Eggleston et al. 2004, Eggleston et al. 2007, and Perry et al. 2010) but a large
obstacle to engaging public support is cost-effectiveness and feasibility. Callinectes
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sapidus are an extremely adaptable euryhaline species, capable of surviving in water with
an ionic composition as low as 0.2 ppt (Ettinger and Blye 1981, Mangum and Amend
1972), but they cannot survive in water salted only with sodium chloride (NaCl) (Perry
and Reudelheuber 2008, unpublished data). This indicates that juvenile C. sapidus
survival is influenced by one or more limiting factors in the chemical composition of the
water. Currently, inland culture ponds must be salted to a minimum of 1-2 ppt to
account for dilution from rain events and absorption of ions into the soil (Rose 2009,
pers. comm. ). This creates an enormous expense, since commercial marine salt
containing the full complement of ions and trace minerals must be purchased. The
purpose of this study is (1) to determine what minimal proportion of commercial sea salt
added to a NaCl solution would promote survival and growth of juvenile C. sapidus at
low salinities (2ppt), and (2) to investigate the effect of potential limiting ion(s) in
addition to sodium (Na+) and chloride (Cl) on the survival and development of juvenile

C. sapidus.
The role that the six major ions [Na+, cr, Calcium (Ca+), Potassium (K+),
Magnesium (Mg2l, and Sulfate (SOl)] in seawater play in various aspects of cellular
regulation and metabolic or enzymatic activity for crustaceans has been well documented
(Arias and Fernandez 2008, Cameron 1985, Chen et al. 1974, Engel1974, Findley and
Stickle 1978, Jennings and Milanick 2010, Mason et al. 1983, Neufeld and Cameron
1992, Perry 1972, Perry et al. 2001, Rittschofand Cohen 2004, Sterling et al. 2007,
Towle and Kays 1986, Towle et al. 1976, Towle et al. 2001 , Wurts and Durborow 1992).
Little is known, however, about the interaction of these ions within C. sapidus
physiology, or how disproportionate ratios of these ions will affect overall health. For
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example, Eggleston et al. (2004) found the lowest mortality (6%) for crabs cultured in a
pond with higher concentrations ofCa+,

cr, K+, Mg2+, and Na+, but 80% ofthe crabs

died in culture water containing similar levels ofCa+,

cr, Mg2+, and Na+ but a lower

concentration of K+. A major goal of this study was to determine the effect of adding
major ions to a mixed ion solution and observe how each additional ion affected C.

sapidus health, and to see if a full complement of major ions in the water was sufficient
for survival without the trace elements present in artificial and natural sea salt.

Callinectes sapidus depend on specific internal concentrations of sodium and
chloride to maintain an iso-osmotic environment between the hemolymph and the cells,
and to maintain the normal electrical activity of muscles and neurons (Jennings and
Milanick 201 0). The concentrations of sodium and chloride in the hemolymph of C.

sapidus do not differ significantly in salinities between 10 and 30 ppt (Findley and
Stickle 1978). Internal concentrations of sodium and chloride (m-equiv-L) are lower in
5ppt seawater than in 35ppt seawater, but are osmoregulated to greater than 3x the
external concentrations (Engel1974). Mangum and Amende (1972) found
approximately 200x higher blood osmotic concentration in crabs acclimated to freshwater
(external mosM = 2.6).
Sulfates appear to be particularly valuable for their binding properties. Sulfates in
lysosomes within the hepatopancrease of crustaceans sequester cations of biological
importance as well as toxins such as cadmium and lead (Sterling et al. 2007).
Proteoglycans which contain sulfate are found in barnacle shells and are very likely the
structures used to stabilize the amorphous calcium carbonate during carapace formation

4
in crustaceans (Arias and Fernandez 2008). Sulfate is also reduced and assimilated in the
synthesis of crustacean amino acids and coenzymes (Rittschof and Cohen 2004).
Callinectes sapidus rely largely upon calcium uptake by active transport for
calcification of the exoskeleton (Neufeld and Cameron 1992, Perry 1972). This active
transport mechanism uses ATP hydrolysis and takes precedence over ADP
phosphorylization for respiratory energy (Chen et al. 1974). Calcium also helps maintain
cellular function, reducing the loss of other salts such as sodium and potassium by
enhancing the cell' s ability to osmoregulate (Perry et al. 2001, Wurts and Durborow
1992). Calcium is the only ion capable of restoring oxygen affinity in C. sapidus
hemocyanin to the same level as that of sea salt (Mason et al. 1983). Wild-caught
molting crabs (12 hour post-molt test period) placed in low Ca+ seawater (::S 19mg/1 or <
60% of normal levels at 12ppt) exhibited high mortalities (Perry et al. 2001). Cameron
(1985) found that Ca+levels at 75% of normal are fatal over a longer time period.
Potassium ions (Kl in the gills of C. sapidus play a vital role in the uptake of
sodium for osmoregulation and Ca+ uptake for calcification through the
sodium/potassium (ammonium) (Na+/K+(NH4l) pump (Towle and Kays 1986, Towle et
al. 1976, Towle et al. 2001). Potassium may be of particular importance after ecdysis,
when ammonia excretion decreases, and osmoregulatory capacity is at its lowest (Chang
1995, Mangum 1992).
Magnesium has oxygen-binding capabilities (Findley and Stickle 1978), appears
to play an important role in the storage of amorphous calcium phosphate (precursors of
calcified tissues) in the hepatopancrease (Betts et al. 1975, Chen et al. 1974), and is
required for maximal Ca+ uptake (Chen et al. 1974). High calcium and magnesium
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concentrations in the water also block the toxic effects of copper and zinc (Wurts and
Durborow 1992).
Pacific white shrimp (Litopenaeus vannamei) have been successfully laboratory
cultured (78%- 90% survival, 21 days) with low salinity (2ppt) sea salt- ion mixtures at
ratios in which the concentration of sea salt is 50% or higher (Atwood et al. 2003). Other
lab studies that cultured L. vannamei with a dilute (:S3ppt) ion concentration of chlorides
(Mg, Ca, Na, and K) have resulted in high short term survival ((77%-90% in 48 hours)
(McGraw and Scarpa 2003); (83%-90% in 72 hours) (McGraw and Scarpa 2004)) and
low to moderate seven day survival (8%- 30% in 7days) (Atwood et al. 2003); (48%76% in 7 days) (Sowers et al. 2005). The mixed ion experiment was repeated with much
greater success after the ion solution concentration was increased to 15ppt and sodium
bicarbonate (NaHC03) and magnesium sulfate (MgS04) were added (x survival= 84%,
42 days) (Parmenter et al. 2009). Litopenaeus vannamei have also been successfully
reared in earthen, limestone-lined ponds containing a mixed ion solution of potassium
magnesium sulfate fertilizer and stock salt (0.5 ppt), with yields comparable to those of L.
vannamei reared in coastal ponds (Green 2008). These data indicate that decapod
crustaceans may be able to survive for protracted periods without the full complement of
ions and trace minerals present in marine water. If these minimal ion tolerances can be
quantified and applied to pond culture for C. sapidus, the reduction in start-up costs for

C. sapidus aquaculture would increase its viability. This could in tum relieve fishing
pressure and expand the C. sapidus fishery in the U.S.
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CHAPTER II
MATERIALS AND METHODS
The experiment was conducted in two parts. The objective of part one was to
determine what proportion of commercial sea salt mixed with NaCl would continue to
promote growth, development, and survival of juvenile C. sapidus. Part two ofthe
experiment explored what combination of six major seawater ions (if any) would
maximize growth, development, and survival.
Part 1 consisted of five treatments, each with three replicates. Each replicate
contained fourteen cultured sibling juvenile C. sapidus that had undergone seven weeks
of juvenile development (x = 23.7mm CW; range = 11.3-51.2 mm CW) and acclimation
to low salinity. The treatments were maintained at 2ppt measured with a handheld
refractometer. Treatments for part one were 100% NaCl, 100% Biosea Marine Mix,
25:75 NaCVBiosea Marine Mix, 50:50 NaCVBiosea Marine Mix, and 75:25 NaCVBiosea
Marine Mix. The crabs were housed in a climate-controlled laboratory within the Marine
Environmental Research Laboratory at the Thad Cochran Marine Aquaculture Center:
temperature was maintained at 25°C (±0.4) and humidity was kept at 2:79%.
Part 2 of the experiment consisted of five treatments, each with three replicates.
Each replicate contained fourteen cultured sibling juvenile C. sapidus that had undergone
five weeks of juvenile development (x = 20.4mm CW; range = 8.8 - 45.0 mm CW) and
acclimation to low salinity. The treatments were maintained at 2ppt measured with a
handheld refractometer. Treatments for Part 2 were NaCl; CaCh with NaCl; MgCh and
CaCh with NaCl; MgCh, CaCh, and KCl with NaCl; and Biosea Marine Mix.
Temperature was maintained at 25°C (±0.4) and humidity was kept at 2:79%.

All of the
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ions were added in proportion to their quantities in 2ppt seawater. Part 2 was followed
up with an identical set of treatments using the same ion solutions with MgS04 added in
proportion to its concentration in seawater (Parmenter et al. 2009). The solution
containing only NaCl was omitted in the follow-up experiment due to high mortality in
the previous arrays, and a solution containing the chlorides ofNa, Ca, Mg, and K was
included for comparison. The experiment consisted of five treatments, each with three
replicates. Each replicate contained fourteen cultured sibling juvenile C. sapidus that had
undergone four weeks of juvenile development (x = 18.2mm CW; range = 9.9 - 36.4 mm
CW) and acclimation to low salinity. The treatments were maintained at 2ppt measured
with a handheld refractometer. Temperature was maintained at 25°C (±0.4) and humidity
was kept at ~79%. The follow-up experiment was terminated after day sixteen due to
airline malfunctions in the treatment containing the chlorides ofNa, Ca, Mg, and K, and
the treatment containing MgS04 and the chlorides ofNa, Ca, Mg, and K. The treatments
unaffected by the airline malfunctions had already terminated due to high mortality
levels, so the data from those treatments was combined with the mixed ion data from the
previous experiment.
Another mixed ion experiment was conducted with the two treatments that were
affected by airline malfunctions and a Biosea Marine Mix control. Each treatment
contained three replicates. Each replicate contained fourteen cultured sibling juvenile C.
sapidus that had undergone four weeks of juvenile development (x = 23.4mm CW; range

= 12.9 - 36.0 mm CW) and acclimation to low salinity. The treatments were maintained
at 2ppt measured with a handheld refractometer. Constraints of the building required
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that this experiment be moved to a portion of the facility where humidity could not be
monitored and temperature was kept at 20.5° C- 22.2°C.
Juvenile C. sapidus were cultured at the University of Southern Mississippi Gulf
Coast Research Laboratory. The juvenile crabs for each experiment were spawned from
a single ovigerous female crab (Perry et al., Quart. Rep. Jul 1 - Sept 30 2009; Perry et al.,
Quart. Rep. Apr 1- June 30 2009; Perry et al. 2010). The ovigerous female crabs chosen
for each rearing experiment were first-time spawners collected from the Northern Gulf of
Mexico, and tested negative for hematidinium and white spot virus (Perry et al., Quart.
Rep. Jul 1 - Sept 30 2009; Perry et al. , Quart. Rep. Apr 1 -June 30 2009; Perry et al.
2010). The larvae were reared in 1000L tanks through the first seven zoeal stages, and
then transferred to the juvenile rearing facility at the Thad Cochran Marine Aquaculture
Center (Perry et al., Quart. Rep. Jul 1 - Sept 30 2009; Perry et al., Quart. Rep. Apr 1 June 30 2009; Perry et al. 2010). Salinity during the juvenile grow-out stage was
gradually reduced from 27ppt to 2 ppt. (Perry et al. , Quart. Rep. Jul1 - Sept 30 2009;
Perry et al., Quart. Rep. Apr 1 -June 30 2009; Perry et al. 201 0). The juvenile crabs
were reared on Artemia spp., Cyclop-eeze, and an assortment of dry shrimp feeds until
they reached an average size range of 10- 20 mm carapace width (Perry et al. , Quart.
Rep. Jul 1 - Sept 30 2009; Perry et al. , Quart. Rep. Apr 1 -June 30 2009; Perry et al.
2010). The time frame for juvenile rearing varied according to ambient temperature, with
crabs reaching the desired size quicker during warmer months.
Biosea Marine Mix represented the commercial sea salt for the control groups,
and mined rock salt (NaCl) determined the sodium and chloride content for the
treatments. Each salt mixture and the ion solution was mixed in an individual reservoir
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tank to insure homogeneity of the solutions within each replicate. For part 1 of the
experiment, filtered city water was used to fill two 500L reservoir tanks and aerated to
remove any residual chlorine. One tank was mixed to 2ppt with commercial marine salt
(for the 100%SS treatment), and the other tank was mixed to 2ppt with NaCl (for the
100%NaCl treatment). To create properly mixed reservoirs of the 25%NaC1:75%SS,
50%NaC1:50%SS, and 75%NaC1:25%SS treatments, water from the 1OO%SS and
1OO%NaCl treatments was pumped at a steady rate into three 150L tanks and timed to
insure the proportions ofNaCl and SS were correct. For the mixed ion study, filtered city
water was collected in five individual 1500L reservoir tanks and aerated to remove any
residual chlorine. Sodium chloride and the .Ca+, Mg2 +, and K+ ions (in the form of
laboratory grade CaCh, MgCh, and KCl) were added in proportion to their concentrations
in seawater (Sowers et al. 2005). The ionic composition of the water for all treatment
groups was analyzed by Micro Methods Laboratory, Inc.; ionic concentrations for all
arrays are displayed in Table 1.
Table 1
Ionic Concentrations (mg/1) of the Six Most Abundant Saltwater Ions for C. sapidus
Culture Treatments

so4

C/

Ca

Mg

K

Na

Sea water

1094.86

191.83

23.77

76.29

21.14

585.3 1

100% SS (3.5ppt)8

2000.00

3540.00

38.70

118.00

41.00

967.00

100% ss

1140.00

2017.80

22.06

67.26

23.37

551.19

75% SS: 25%NaCI

1600.00

2110.00

16.70

44. 10

16.90

780.00

50% SS: 50%NaCl

1900.00

1660.00

11.40

28.00

11 .30

987.00

25% SS: 75%NaCl

2300.00

988.00

6.95

13.40

5.65

11 60.00

100% NaCl

2700.00

392.00

10.90

0.53

0.82

1310.00

SS (control for mixed ion experiment)

940.00

115.00

19.70

55.10

20.40

466.29

NaCl, MgC12, CaC12, and KCI

1300.00

8.27

26.20

82.70

25.20

636.01

NaCl, MgC12, CaC12

1200.00

8. 16

27.30

82.50

0.96

585.50
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Table 1 ~ continuedl.

so4

Cl
NaCl + CaCl2

Ca

Mg

Ni

K

8.04

24.90

0.10

0.91

610.32

NaCl

1000.00
980.00

11.00

2.88

0.10

0.46

622.83

SS (control for mixed ion with sulfate

970.00

142.00

19.30

59.90

20.90

520.00

185.00

19.90

94.40

21.20

570.00

NaCl, MgC12, CaC12, and KCl

1100.00
1100.00

9.38

20.20

62.90

21 .50

605.00

NaCl, MgC12, CaC12, and S04

1100.00

180.00

20.10

102.00

1.00

NaCl, CaCl2, and S04

920.00

180.00

21.90

39.50

0.70

593.00
622.00

experiment)
NaCl, MgCl2, CaC12, KCl, and S04

a.
b.

Salinity had increased due to evaporation at the time of the water analysis. Estimated ion concentration after dilution to 2ppt is
given on the line below.
Sodium concentrations were not measured for the first mixed ion array. Estimates are based on chloride concentrations and
atomic weights of molecules.

Each replicate consisted of a 30-gallon aquarium filled with approximately 10
gallons (38 liters) of water. All aquaria were equipped with an aerator channeled through
an activated carbon filter. The crabs were set upon a 1 W' high platform made of plastic
egg crate louver and W' PVC and placed in individually numbered 4-inch circular PVC
containers with screened bottoms to provide for water circulation. Crabs were fed daily
on 3/32" Zeigler Shrimp Maturation Diet pellets. Excess food and feces were removed
daily with a siphon. Nitrite levels were monitored daily with HACH test strips, and water
changes were implemented when nitrites rose above 1ppm. Water was changed weekly
to insure that ion concentration levels were not altered significantly by absorption or
release from the C. sapidus during their molt phases. For thirty days during weeks six
through ten of part one of the experiment, pH was measured daily in the second replicate
of each treatment (the NaCl treatment was excluded due to high mortalities early in the
experiment) to determine if pH was significantly altered by ionic composition of the
water. The pH was not measured in the mixed ion portion of the experiment because the
experiment ended before the biological filters in the treatments established stable water
chemistry.
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Parameters tested for both parts of the experiment were survival, growth
increment (growth), and molt interval (development). Crabs were checked daily. Crabs
discovered dead were assumed to have died on the day of the observation. Growth
increments (as carapace width) were measured in millimeters using a hand-held caliper
on the shed molt, and a final carapace width was taken from the crab as it was removed
from the system. Only the partially shed exoskeleton was measured on crabs that had not
completely molted (buster) before dying; a final carapace width was not taken for any
crab with a soft carapace. Molt intervals were determined by recording the presence of
molts within the crab enclosures over time and consulting the database to determine the
number of days in between molt observations. A 50% survival rate was considered
acceptable, since current culture methods yield a much smaller percentage of surviving
crabs (Eggleston et al. 2004, Eggleston et al. 2007). Treatments in which ~35% of the
crabs molted three times were considered successful in meeting all three parameters.
The data were tested for normal distribution with the Kolmogorov-Smirnov
goodness of fit test (K-S test). Treatment parameters that met the assumptions of
normality and homogeneity ofvariance were analyzed with ANOVA or an independent
samples T -test. Treatment parameters that could not meet the assumptions of normality
and homogeneity of variance were analyzed with Kruskal-Wallis or Mann-Whitney test
for two independent samples. Chi-square analyses were conducted for significant
differences in proportional survival. A p value of::; 0.05 was considered statistically
significant. SPSS for Windows was used to analyze the results.
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CHAPTER III
RESULTS
Part 1: Comparing the Ratios of Sea Salt and NaCl
The water for this experiment was extremely high in sulfates, ranging between 2
and 10.5 times the proportional amount for seawater (Figure 1). This was possibly a
result of high sulfate content within the city well that was in use that day- three active
wells are used by the city, each with different water chemistry - and/or the lack of
consistent use of the water lines in the building that housed the experiment (Fulford, pers.
comm.). No data for disproportionate ratios_ofsulfate to other ions exists for C. sapidus
survival, but the control group containing commercial sea salt also contained the most
sulfates and appeared unaffected.

-...
-...

200

2017.80

2110.00

1660.00

988.00

~

e

392.00
• S04

150

• ca

=
=
e
u 100
=
e
~

• Mg

•K

~

"1:1
~

.e

·-·-

50

f'-1
f'-1

~

0
100% ss

75% SS:
25%NaCl

50% SS:
50%NaCl

25% SS:
75%NaCl

100% NaCl

Figure 1. Composition of 4 major ions in solutions containing different ratios of
commercial sea salt and mined NaCl.
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The pH between treatments for part 1 of the experiment showed an upward trend
with increase in NaCl (Table 2), but a Kruskal-Wallis Test between treatments found no
significant difference (p = 0.422) among the control and the treatments containing
75%SS:25%NaCl and 50%SS:25%NaCl. The pH in the 25%SS:75%NaCl treatment
was significantly higher than the other treatments (p < 0.001). The average levels in pH
for each treatment seemed to be a result of the ionic composition of the treatments rather
than a result of discrete external factors; pH levels changed collectively for all treatments
over time in response to nitrite spikes and water changes.
Table 2
Range and Mean for pH in SS and NaCl Ratio Treatments
Biosea
Marine Mix
(SS)

75% SS:
25%NaCl

50% SS:
50%NaCl

25% SS:
75%NaCl

Range

6.94-8.43

6.93-8.57

7.02-8.63

7.46-8.74

Mean

7.64

7.65

7.74

8.05

All of the crabs in the 100% NaCl solution died by day two of the experiment,
and high mortalities also occurred in the 25% SS: 75% NaCl solution (50% mortality by
day fourteen; 95% mortality by day forty-two; Figure 2). A chi-square analysis found
significant difference in survival between the 25%SS:75%NaCl treatment and the control
(100% SS) on day seven (p = 0.003). Acceptable survival occurred in the 50% SS: 50%
NaCl solution and the 75% SS: 25% NaCl solution, with 60% and 57% survival,
respectively (Figure 2). A chi-square analysis found no significant difference in survival
for these two treatments when compared with the control throughout the study period (p
=

0.345 on day 70). Mortality at molt stage varied between treatments, with the highest
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mortalities occurring before molting in the 100% NaCl solution, during molt in the
50%SS:50%NaCl and 25%SS:75%NaCl solution, and after molt in the 75%SS:25%NaCl
solution (Figure 3).
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Figure 2. Survival curve for juvenile C. sapidus within treatments containing ratios ofSS
and NaCl.
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Figure 3. Molt stage at which mortality occurred for juvenile C. sapidus within each
SS:NaCl treatment.

Only the treatments containing 100%SS, 75%SS:25% NaCl, and
50%SS:50%NaCl had enough valid cases to perform a K-S test for normality for multiple
stages of growth and development. The first growth increment in the 25%SS:75%NaCl
treatment had enough valid cases for analysis, but development data for this treatment
was not analyzed due to the small n. The data for development (molt interval) were
normally distributed, but homogeneity of variances could not be assumed for the first
molt interval (p = 0.040). A Kruskal-Wallis test found no significant difference between
treatments for the 1st or 2nd molt interval (p = 0.215 and 0.376 respectively; Figure 4).
Growth increment data were normally distributed. A one-way ANOVA
determined that growth was not significantly different between treatments (growth
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increment 1: p = 0.112; growth increment 2: p = 0.235; growth increment 3: p = 0.382)
(Figure 5).

5

• molt interval 1
• molt interval ~

4

1
1000/o Sea Salt

75% Sea Salt:J5% NaCl 500/o Sea Salt:50% NaCl
Treatment

Figure 4. Molt interval for juvenile C. sapidus between SS:NaCl treatments that
exhibited growth. The widths of the plots represent sample size. The 25%SS:75%NaCl
treatment data and the data for the interval between the 3rd and 4th molts (molt interval3)
could not be included in the analysis due to the small n. The 100%NaCl treatment
exhibited no growth or development.
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Figure 5. Growth increments for juvenile C. sapidus within successive molts for SS:NaCl
treatments. Widths of plots represent sample size.
Part 2: Mixed Ion Treatments
Sulfate in the filtered city water was only present in very small amounts during
this portion of the experiment, and remained low through the experiments involving ion
solutions (Figure 6). This was possibly a result of periodic flushing of the water lines
that occurred with more frequent use of the experimental facility, or different water
chemistry resulting from the city using an alternate well. The low baseline sulfate was
not discovered until the first mixed ion experiment using the chlorides ofNa, Ca, Mg,
and K was under way. A second mixed ion study was conducted that included MgS04
within the existing mixed ion treatments to determine if the presence of sulfate, alone or
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in a ratio with the other ions that was proportionate to sea salt concentrations, had any
effect on the parameters of growth, development, or survival (Figure 7).
Initially, only data from two sulfate treatments was available due to airline
malfunctions terminating of the second mixed ion study before all results could be
gathered. These treatments were combined with the first mixed ion study for analysis. A
third mixed ion study was conducted with the treatments originally affected by the airline
malfunction, but this data was not combined with the existing mixed ion data due to
changes in ambient temperature that took place during this study.
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Figure 6. Composition of 4 major ions in mixed ion treatments with low baseline sulfate
levels.
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Figure 7. Composition of 4 major ions in mixed ion treatments with MgS04 added.

All of the crabs in the 100% NaCl treatment died within the first four days of the
experiment. The addition ofCaCh to the NaCl solution increased maximum survival
time from four to ten days. However the addition ofMgCh had no effect on survival.
Magnesium sulfate added to the chlorides ofNa and Ca had no effect on survival time.
MgS04 added to the chlorides ofNa, Ca, and Mg resulted in 93% mortality by day
sixteen; indicating a > 31% increase in overall survival time from the same solution
without MgS04. However, a chi-square analysis comparing ion treatments against NaCl
as a negative control for mortality found no significant difference for mortality after
seven days among any ion treatments containing the chlorides ofNa, Ca, Mg and MgS04
in any combination (p = 0.246). Survival time was increased five-fold with the addition
ofKCl to the mixed ion solution ofNaCl, CaCh and MgCh. Crabs in this solution

20

showed initial growth and development, but no crabs molted more than twice and
unacceptably high mortality occurred (50% by day 19; 98% by day 53). A chi-square
analysis for survival found a significant difference between the control (SS) and the ion
treatment containing the chlorides of Na, Ca, Mg, and K after 14 days (p < 0.001)
(Figure 8).
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Figure 8. Survival curve for juvenile C. sapidus in mixed ion solutions and commercial
sea salt control.
An increase in mortality rate (Table 3) and decrease in rate of development during
the repeat experiment for the treatments originally affected by the airline malfunction
may be attributed to the change in ambient temperature. All three treatments appeared to
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be affected equally, so comparative data was available. The mortality rate (#crabs/day)
was 1.5 for the treatment with MgS04 and the chlorides ofNa, Ca, Mg, and K as well as
for the treatment with chlorides ofNa, Ca, Mg, and K, indicating that sulfate had no
effect on C. sapidus survival. A chi-square analysis for survival found significant
differences between the control (SS) and the ion treatment containing the chlorides of
Na, Ca, Mg, and K (p = 0.002), and between the control and the ion treatment containing
MgS04 added to the chlorides ofNa, Ca, Mg, and K (p = 0.023) after 14 days. Survival
between the two treatments did not differ significantly from one another throughout the
experiment (Figure 9). The Mortality in both mixed ion treatments was unacceptably
high (98% by day 29) (Figure 9).
Table 3

Daily Mortality Rate for Juvenile C. sapidus in Two Experiments with Identical
Treatments
Mixed ion
experiment

Mixed ion wlsulfate
.
a
experzment

Control (Biosea Marine Mix)

0.13

0.68

NaCl, CaCh,MgCh, KCL

0.77

1.5

NaCl, CaCh,MgCh, KCL, MgS04
a.

1.5

T emperature in the mixed ion with sulfate experiment was cooler by 4 •c .

Mortality at molt stage varied between all mixed ion treatments, with the highest
mortalities occurring before molting in the ion treatments lacking K+, and the highest
mortalities occurring during molting in the treatments containing K+ (Figures 10 and 11).
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Figure 9. Survival curve for juvenile C. sapidus in mixed ion solutions with sol
mixed ion solution without sol-, and commercial sea salt control.
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Figure 10. Molt stage at which mortality occurred for juvenile C. sapidus within each
mixed ion treatment with low baseline sulfate.
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Figure 11. Molt stage at which mortality occurred for juvenile C. sapidus within each
mixed ion treatment containing magnesium sulfate.
Only the 100% SS control and the treatment containing the chlorides ofNa, Ca,
Mg, and K had sufficient data to compare development. A Kolmogorov-Smirnov test
found the data to be normally distributed. An independent samples t-test determined that
there was no significant difference in development between the two treatments for the
first molt interval (p = 0.713; Figure 12). One crab in the treatment solution with MgS04
added to the chlorides ofNa, Ca, Mg, and K successfully molted a second time during the
experiment, but the molt interval could not be included in the analysis due to the small n.
None ofthe other ion treatments exhibited development, and no treatment other than the
100% SS developed beyond the first molt interval.
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Figure 12. Comparison of molt interval for juvenile C. sapidus between the sea salt
control and the mixed ion treatment that exhibited growth. Widths of plots represent
sample size. Although the maximum age achieved by this treatment group was 77 days
(1 crab), no further molting occurred following the first molt interval.
For all mixed ion treatments other than the NaCl, MgCh, CaCh, and KCl
treatment, growth did not occur or could not be analyzed due to the small n. For the
control group and the NaCl, MgCh, CaCh, and KCl treatment, a Kolmogorov-Smirnov
test found the growth data to be normal, but homogeneity of variance could not be
assumed (p = 0.011 ; Control group). A Mann-Whitney test for 2 independent samples
found that the increase in carapace width was not significantly different between the
control group and the NaCl, MgCh, CaCh, and KCl treatment (p=0.122). The increase in
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size between the 2"d and 3rd molt (Growth 2) was not analyzed between the 2 treatments
due to small sample size (Figure 13).
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Figure 13. Juvenile C. sapidus incremental growth for the control group and for the
treatment containing the mixed ion solution ofNaCl, CaCh, MgCh and KCL. Widths of
plots represent sample size. The other treatment data could not be included in the
analysis due to the small n.

A summary of all treatments and their measurable parameters is outlined in Table
4. Only the 50%SS:50%NaCl treatment and the 75%SS:25%NaCl treatment met all the
requirements for sustained aquaculture.

Of the eight treatments in the mixed ion study,

76% ofthe crabs that survived long enough to undergo a first molt and 100% ofthe crabs
that survived long enough to undergo a second molt were in the two treatments
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containing K+. Five crabs within the treatment containing the 25%SS:75%Nacl ratio and
five within the treatment containing MgS04 and the chlorides ofNa, Ca, Mg, and K
failed to completely harden 10-26 days following successful ecdysis; molt state at death
was described as "paper"; the cuticle was slightly stiff but still very thin and malleable.
Table 4
Summary of Treatment Groups and Results for Each Parameter within the Current Study
Treatment

%Survival
(75 days)

Significant
Growth
(n?:.12)

Significant
Development
(n?:.12)

Biosea Marine Mix (SS)

67%

X

X

75% SS: 25%NaCl

57%

X

X

50% SS: 50%NaCl

60%

X

X

25% SS: 75%NaCl

2%

X

100% NaCl

0%

NaCl, MgCh, CaCh, and KCl

2%

NaCl, MgCh, CaCh

0%

NaCl+CaCh

0%

NaCl

0%

NaCl, MgCh, CaCh, KCl, and MgS04

O%a

NaCl, MgCh, CaCh, and MgS04

O%b

NaCl, CaCh, and MgS04

0%

a.
b.

X

Estimated % survival by day 30 at the calculated mortality rate of 1.5 crabs/day. (2% survival on day 29).
Estimated% survival by day 18 at the calculated mortality rate of2.6 crabs/day (7% survival on day 16).
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CHAPTER IV
DISCUSSION
Callinectes sapidus and L. vannamei are both decapod crustaceans that share a

similar habitat in the wild and a high tolerance for low salinity water. Given the
successful pond aquaculture ofL. vannamei in water derived from both saline aquifers
supplemented with potassium and magnesium (Roy et al. 2007) and mixed ion solutions
(Green 2008), along with successful lab culture in mixed ion environments (Parmenter et
al. 2009), it seems reasonable that C. sapidus aquaculture under similar conditions would
meet with similar success. However, penaeid shrimp may not be as sensitive to the ions
that affect calcification, given that their cuticles are much thinner and less massive that
those ofblue crabs.
The successful rearing (>50% survival) of juvenile C. sapidus in a solution of up
to 50% NaCl and commercial sea salt is consistent with the findings of Atwood et al.
(2003), in which L. vannamei raised in a 50:50 mixture of sodium chloride and
commercial sea salt showed 90% survival after 21 days. The reduced survival of C.
sapidus raised in the 25%SS:75%NaCl solution is also consistent with the findings of

Atwood et al. (2003) for L. vannamei, and indicates a threshold of tolerance for some
limiting ion or ions. Interestingly, the survival curve for the 25%SS:75%NaCl treatment
was very similar to the survival curve for the mixed ion solutions containing the chlorides
ofNa, Ca, Mg, and K (Figure 14). From this we can tentatively conclude that C. sapidus
survival is limited by the deficiency of an as yet unknown ion or ions other than those
used for this experiment, or by an unknown ionic ratio that, when altered too far askew
from the ratio of sea salt, adversely affects C. sapidus physiologically.
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Figure 14. Survival curve for juvenile C. sapidus in a treatment containing a ratio of sea
salt and NaCl equal to 25:75, and in a mixed ion solution containing the chlorides ofNa,
Ca, Mg, and K. Both treatments were at a salinity of2, 25°C (±0.4) and 2:79% humidity.
In the laboratory, initial L. vannamei rearing attempts in low salinity mixed ion
solutions have produced different results (Atwood et al. 2003 , McGraw and Scarpa 2003,
McGraw and Scarpa 2004, Parmenter et al. 2009, Sowers et al. 2005 and Sowers et al.
2006). In the studies conducted by Atwood et al. (2003), McGraw and Scarpa (2004),
and Sowers et al. (2005), Na, Ca, Mg, and K chlorides used for the mixed ion
experiments. Survival varied greatly between these experiments that continued to
monitor the shrimp for 2: seven days (Atwood et al. 2003, Sowers et al. 2005).

Litopenaeus vannamei had 30% survival in 2 and 5ppt ionic environments containing the
chlorides ofNa, Ca and K, while L. vannamei in solutions containing the chlorides ofNa,
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Ca, Mg, and K had 8% survival in 2ppt and 0% survival in 5ppt after seven days
(Atwood et al. 2003). No shrimp in these solutions survived to 21days (Atwood et al.,
2003). In the study conducted by Sowers et al. (2005) L. vannamei exposed to 2ppt
solutions containing the chlorides ofNa, Ca, Mg, and K with varying concentrations ofK
and Ca had 48-76% survival after seven days. Another study by Sowers et al. (2006)
found low K+ concentrations in L. vannamei hemolymph after seven days in a mixed ion
solution containing the chlorides ofNa, Ca, Mg, and K, although K+ influx rates did not
vary between the ionic solution and the sea salt control, and K+ in the mixed ion solution
was proportional to its concentration in seawater. In a more recent study conducted by
Parmenter et al. (2009), an ionic solution was created with MgS04 and NaHC03 in
addition to the chlorides ofNa, Ca, Mg, and Kat a higher salinity (15 ppt). This
concentration of ions performed as well as commercial sea salt for L. vannamei survival
and growth. In the current study, the ion solution for the mixed ion experiment with
sulfate roughly followed the ion concentration ofParmenter et al. (2009), although at a
lower salinity. Sodium bicarbonate was not included in the current study due to the
negligible amount (6mgll) used by Parmenter et al. (2009) and the fact that it is produced
naturally as a byproduct of respiration.
In the current study, the early high mortality of the crabs in the 100%NaCl
solution is consistent with the findings of Atwood et al. (2003) for L. vannamei. The
addition ofCa+ to the NaCl solution increased maximum survival time from 4 to 10 days,
but the addition ofMi+ to this calcified solution had no effect, which follows the same
trend in percent survival outlined in Atwood et al (2003) (?days) and McGraw and
Scarpa (2003) (2 days) for L. vannamei.

The increase in survival time with the addition
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ofK+ to the mixed ion solution is consistent with the findings of McGraw and Scarpa
(2003), Roy et al. (2007) and Zhu et al. (2004) for L. vannamei. Potassium was also
found to be strongly correlated with survival in the study conducted by Saoud et al.
(2003) for L. vannamei reared in water from saline aquifers. The low K+ levels found in
L. vannamei hemolymph after seven day exposure of the shrimp to an ion solution
containing the chlorides ofNa, Ca, Mg, and K may provide a clue as to the poor
performance ofblue crabs in similar ion solutions (Sowers 2006).
The inability of several of the surviving postmolt crabs to harden after ten days or
more in the treatment containing the 25%SS:75%Nacl ratio and in the treatment
containing MgS04 and the chlorides ofNa, Ca, Mg, and K indicates an inability to absorb
the proper amount ofCa+, although the amount ofCa+ in the solutions was proportionate
to that of sea salt. The treatments had similar survival (n = 10 on day 21 for both
treatments), and had in common sulfate levels that equaled or exceeded sulfate levels
found in sea salt. Crabs in the treatment containing the chlorides ofNa, Ca, Mg, and K
but with low sulfate levels hardened within three days of molting. The fact that the
25%SS:75%Nacl ratio treatment contained all the trace elements of sea salt, but in
smaller proportions, in addition to the six major ions lends evidence to the possibility of a
disproportionate ratio of certain ions or deficiency in one or more trace elements. That
the delayed hardening only occurred in the presence of sulfate seems to indicate a
reaction between sulfate and a calcifying agent. Identifying which ion or ions were
involved in this reaction may help future studies define what combination of mixed ions
in solution are required for blue crabs to adequately survive, grow and develop.
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The very high mortalities that occurred during molting for blue crabs in the
current study are indicative of two possible physiological malfunctions: acidosis resulting
from an inability to counter the effects oflow pulmonary oxygen, and/or the inability to
transport essential ions for calcification or respiration (Mangum 1992). Deficiencies in
zinc, copper and/or phosphate may be responsible for the failure of these mechanisms.
In C. sapidus, carbonic anhydrase (CA), an enzyme activated with zinc-bound
metallothioneins, increases its activity to coincide with peak Ca+uptake from the medium
in early postmolt (Engel and Brouwer 1987, Engel and Brouwer 1991, and Mangum
1992). Carbonic anhydrase also maintains the equilibrium between carbon dioxide and
carbonic acid, which is very important for controlling the acidity ofbody fluids (Freeman
1993, Lindskog 1997, and Roer and Dillaman 1993). Cuticle hardening in post-molt
crustaceans occurs through mineralization and sclerotization, or hardening of the organic
matrix (Kuballa and Elizur 2008). Copper-containing phenoloxidases catalyze the
sclerotization process (Kuballa and Elizur 2008). Phosphate has been found to be of
prime importance for Ca+ uptake through ATP hydrolysis (Chen et al. 1974, Roer and
Dillaman 1993). Phosphate is needed for calcium phosphate formation, which is found in
the hepatopancrease of C. sapidus during intermolt and is thought to play a role in
calcification (Betts et al. 1975). Other ions that affect C. sapidus survival may be
determined from a study conducted by Saoud et al. (2003), in which manganese and
boron were the trace elements most closely correlated with post-larval L. vannamei
survival in saline aquifers.
Successful pond rearing of L. vannamei occurred in ponds lined with limestone
rock, with potassium magnesium sulfate fertilizer and stock salt added to a salinity of
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0.5ppt (Green 2008). The fertilizer, rock salt, and limestone provided the six major ions
in sea salt (Na+,

cr, Ca+, Mg2+, K+, and SOl).

It is likely that, in an earthen pond, some

trace elements are leached into the water column in addition to these major ions to
provide a natural mineral supplement conducive to shrimp survival (Boyd 1990, Zhang
2005)
Sodium bicarbonate may have played a greater role in L. vannamei survival
(Parmenter et al. 2009). In this study, NaHC03 added to the medium may have given the
crabs additional means to regulate their internal pH and harden after molting. For the
cuticle of a recently molted, or post-ecdysial, crustacean to harden, inorganic carbon must
be transported from the external media in the form ofHC03- (Roer and Dillaman 1993).
Carbonic anhydrase facilitates this transport (Roer and Dillaman 1993), which may imply
a shortage of either zinc-activated CAin the crabs and/or HC03- in the system.
The rise in blood bicarbonate (HC03) during late premolt in C. sapidus creates a
necessary alkalosis ofthe blood, which is later countered by the acidosis of the blood that
occurs during exuviation, or shedding (Mangum 1992). Callinectes sapidus that
experience acidosis beyond intermolt values typically do not survive the molt (Mangum
1992). Higher levels ofNaHC03-in the system may have been needed as a source of
HC03- for molting C. sapidus.
The higher salinity solution in the experiment conducted by Parmenter et al.
(2009) may have also played a role in survival in the current study by reducing
osmoregulatory stress or by providing a larger supply of ions to act as compensatory
mechanisms for some unknown ionic ratio that affects survival.
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CHAPTER V
CONCLUSION
This study documented that acceptable yields of cultured C. sapidus
(>50%survival) can be achieved in solutions of up to 50% NaCl mixed with commercial
sea salt. The treatment containing 75% NaCl solution, the mixed ion solution containing
the chlorides ofNa, Ca, Mg, and K, and the mixed ion solution containing MgS04 with
the chlorides ofNa, Ca, Mg, and K initially facilitated growth and development, but
delayed growth was followed by unacceptably high mortality. The addition of CaCh and
MgCh to the NaCl solution only prolonged the maximum survival time to 10 and 9 days,
respectively. All ofthe crabs in the 100% NaCl treatment died within the first 4 days of
the experiment. From these fmdings, it can be concluded that an ion deficiency or ionic
ratio involving a constituent of sea water other than Na+,

cr, Ca+, Mg2+, K+ and sol-

affects C. sapidus development and survival. Zinc, phosphate, manganese, boron and
NaHC03 should be added to future mixed ion solutions to test their effectiveness.
Further research is needed to determine the limiting factors associated with C. sapidus
survival in ionic solutions.
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